We report high photovoltaic performance of a novel donor-acceptor (D-A) conjugated polymer poly [2,6[4,8-bis(2-ethyl-hexyl) 
Thermally stable and efficient polymer solar cells based on a novel donor-acceptor copolymer Introduction
The search for new alternative renewable sources of energy has led to rapid progress in the development of cost effective, flexible, light-weight, colourful and large-area polymer solar cells, based on the bulk heterojunction structure of blends of π-conjugated electron donor polymers and soluble fullerene derivative electron acceptors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The bulk heterojunction structure was originally introduced by Yu et al [12] , in which the electron donor and acceptor are organized in a bicontinuously interpenetrating phase separation. During the last decade great progress has been achieved in developing new organic donor [3, 5, 13, 14] and acceptor [15] [16] [17] materials for organic photovoltaics (OPV), leading to power conversion efficiencies (PCE) of over 10% for single bulk heterojunction devices [8] [9] [10] .
Systematic optimization of low bandgap conjugated polymers has led to an increase of the organic solar cell efficiencies above the typical 4% obtained for poly(3-hexylthiophene) [18] . For the first time a PCE above 5% was obtained with a so-called low bandgap polymer poly [2, 6 -(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0] dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] [19] and further enhancements were demonstrated based on the use of processing additives [20, 21] . Other low bandgap polymers, such as poly [4,8- bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-substituted-thieno [3,4-b] thio-phene-2,6-diyl]-derived polymers [22, 23] reached an efficiency of 7%-8% [24, 25] . Systematic optimization of the benzodithiophene (BDT) energy levels and side chains [26] [27] [28] and optimization of the interfaces between these materials and the device electrode [29] [30] [31] [32] [33] allowed the BDT-derivative based solar cells blended with PC 70 BM to surpass 9% efficiency, which makes BDT an interesting candidate for further stability investigation.
Besides a high efficiency, the long-term stability of organic solar cells remains an important development goal, as it constitutes a basic requirement for application and commercialization. The organic nature of its constituents makes polymer solar cells especially sensitive to chemical degradation in contact with oxygen and water [34] [35] [36] . Moreover, an oxidation of electron extracting low-work function electrodes, electro-migration of silver especially at edge enhanced electric fields, water and oxygen ingress through pinholes and from the edges of the solar cell, as well as potential water release from, for example, highly conductive PEDOT:PSS may result in electrode controlled devices degradation [37] . Recent models suggest that a considerable part of the device degradation occurs via morphological degradation [38] [39] [40] [41] .
For maximum performance the optimal morphology (i.e. blend distribution and scale of phase separation) of the bulk heterojunctions is not necessarily thermodynamically stable, as especially the fullerene-based molecules tend to diffuse and recrystallize, which is especially pronounced upon temperature increase [42, 43] . Accelerated upon thermal stressing, this process may lead to a morphological destruction represented by a decreased fullerene percolation and thus reduced charge transport resulting in decreased performance of the solar cell devices [44] [45] [46] . Hence, morphologically stable polymer-fullerene blends are of high interest.
One of the most stable state-of-the-art low bandgap D-A copolymers is poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT).
For the first time synthesized by Leclerc and co-workers [47] , PCDTBT:PC 70 BM photovoltaic devices have demonstrated reproducible efficiencies of more than 3% in simple ascast device structures, with efficiencies exceeding 6% upon optimizing the light management of the device [48] [49] [50] . PCDTBT based polymer solar cells have been extensively studied during the last few years and now represent one of the standard materials in OPV [47] [48] [49] [50] . PCEs of PCDTBT-based bulk heterojunctions are today typically between 5%-7% [51] , and exhibit internal quantum efficiencies of near 100% [49, 53] . Most remarkably hermetically sealed polymer solar cells based on PCDTBT have reached extrapolated operating lifetimes of several years, marking the actual state of the art for OPV device stability [50, 52, 54] . However, several reports [57] [58] [59] [60] [61] recently revealed that annealing of PCDTBT:PC 70 BM blends especially at temperatures higher than 110°C leads to a number of different unfavourable effects, resulting in the decrease of the solar cells performance. Among these the decrease in structural order [56, 58] , matched by the increase of the trap states and a movement of hole-traps deeper into the band gap [57] as well as vertical phase segregation should be named here [58] .
In this contribution, we report about the optimization and thermal stressing of efficient polymer solar cells based on the novel low bandgap polymer poly [2,6[4,8- [62] . At first the fullerene concentration has been optimized. The device optimization was complemented by UV-vis spectroscopy, photoluminescence (PL) spectroscopy, x-ray diffraction and atomic force microscopy (AFM) investigations on identically prepared PBDTTBTZT:PC 70 BM films. We found the solar cell efficiency to improve upon increasing fullerene concentration until 75% due to improved phase separation. The following optimization of the solar cell device architecture led to an increase of the solar cell efficiency from about 6% to at least 7%. As pointed out above, not only the device performance but also the stability under thermal stressing constitutes an important criterion for the end application. Hence, thermal stability upon annealing up to 200°C has been investigated in direct comparison with PCDTBT-based solar cells. Thereby it is demonstrated that PBDTTBTZT shows superior thermal stability up to 170°C, leading to only slight losses in photovoltaic parameters. The combination of improved thermal stability and relatively high device performance makes PBDTTBTZT an interesting candidate for future application.
Experiment
The donor polymer PBDTTBTZT (figure 1) was used as received from Merck (Merck Chemicals Ltd, a subsidiary of Merck KGaA, Darmstadt, Germany). PEDOT-based HIL 1.3 as well as PEDOT:PSS was received from Heraeus and used as the hole extraction layer. PCDTBT was purchased from 1-Material and used as received. PC 70 BM was purchased from Solenne and used as received. All materials used in this study are depicted in figure 1 and their properties, such as molecular weight, polydispersity index (PDI), band gap as well as HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) levels are listed in table 1. Solar cell device preparation involved etching part of the ITO-layer on glass for selectively contacting the back electrode, followed by cleaning in an ultrasonic bath using acetone and isopropanol. PEDOT:PSS-derivatives were spincast from aqueous solution on top of ITO and served as the hole transporting layer. The PEDOT:PSS-films (∼30 nm) were annealed on a hot plate for 15 min at 180°C in order to drive the water out. Polymer-fullerene blend solutions from chloroform were stirred overnight at 45°C in a nitrogen glovebox and then spin-cast on top of the PEDOT:PSS with thickness ∼80 nm.
For the top electrodes, either a TiOx-layer from a sol-gel process [52] or 50 nm of magnesium followed by 100 nm of aluminium were deposited sequentially by spin-coating and thermal evaporation, respectively, resulting in solar cells with an active area of 0.5 cm 2 . All samples were encapsulated under glass prior to characterization outside of the glovebox.
Current-voltage ( J-V) measurements of the solar cell devices were performed under a class A AM1.5 solar simulator and were recorded with a Keithley 2400 source-measure-unit. External quantum efficiencies (EQE) were recorded under monochromatic light with an additional halogen bias light, providing an excitation density of about one sun. Absorption spectra were obtained from transmission and reflection spectra recorded with a Varian Cary 5000. Photoluminescence (PL) and electroluminescence (EL) spectra were recorded using either optical excitation by laser light at 445 nm or electrical excitation with a constant 50 mA injection current, respectively.
Topography scans were made with a Dimension 3100 Nanoscope atomic force microscope (AFM) in tapping mode.
Differential scanning calorimetry (DSC) measurements were performed using a DSC 7 from Perkin Elmer. Background contributions to the signal were subtracted resulting in measurements of the heat capacity c p (T).
Results and discussion
At first the performance optimization of the PBDTTBTZTbased solar cells was pursued by a variation of different processing parameters. The concentration of PC 70 BM has been varied between 50 and 80wt-%. Figure 2 displays the optical absorption spectra of PBDTTBTZT and PBDTTBTZT:PC 70 BM blends with various fullerene concentrations. The optical absorption of PBDTTBTZT: PC 70 BM blends was fairly additive, exhibiting a large contribution from the fullerene for higher concentrations. Interestingly, PBDTTBTZT exhibited some vibronic structures. Figure 3 displays the PL of pristine PBDTTBTZT, pristine PC 70 BM and blends thereof. The PL spectra and intensities from both pristine materials were relatively similar, however, the polymer exhibited a slightly larger bandgap. Upon blending, the PL intensity became strongly reduced by about 2-3 orders of magnitude, indicating efficient charge transfer upon photo-excitation. The strongest quenching of either PL was observed for a loading of 67% PC 70 BM.
For higher fullerene concentrations, an increasing PC 70 BM PL intensity at 720 nm was observed, indicating increasingly large fullerene aggregates within the blends. Furthermore, two other peaks were present at ∼850 nm and ∼950 nm within the PL spectra, depending on the PC 70 BM concentration, both indicating the presence of PBDTTBTZT: PC 70 BM charge-transfer (CT) state emission.
The blend morphologies of the PBDTTBTZT:PC 70 BM films were studied using tapping-mode AFM. Surface topography images were taken for each film (figure 5). Fine scaled structures were observed for the pristine polymer. Upon blending the polymer with PC 70 BM, larger domain sizes were observed for increasing fullerene concentration. The increase in phase separation with increasing PC 70 BM loadings is in good agreement with the increased PC 70 BM PL signals for higher fullerene concentrations. Interestingly, instead of isolated circular shaped domains, rather elongated and connected structures were observed for higher PC 70 BM loadings.
Solar cell devices were prepared for the different PBDTTBTZT:PC 70 BM blend ratios discussed above, using simple PEDOT:PSS PH. The first optimization aimed for the identification of the optimal PBDTTBTZT:PC 70 BM blend ratio and resulted in a composition of 1:3 for the best overall performance. Figure 6 displays both, the IV-characteristics (left) as well as the EQE (bottom) data for all blend ratios investigated. Table 2 summarizes the photovoltaic parameters (including correction for EQE-spectra). Indeed, the lower the fullerene content the lower was the fill factor (FF), indicating transport limitations. However, for the highest PC 70 BM loadings the short circuit photocurrent was slightly reduced, leading to the optimum at 75% PC 70 BM.
The application of advanced charge carrier extraction layers such as TiOx for electrons [52, 60, 61] and PEDOT: PSS HIL 1.3 for holes has led to a further device Figure 4 . Tapping-mode AFM images (2.5 μm length and 5 nm height scale) of the pristine polymer and blend films used for making the solar cell devices: 0% pristine PBDTTBTZT polymer; PBDTTBTZT:fullerene films with 50%, 67%, 75% and 80% PC 70 BM concentration. Clearly, an increasing amount of phase separation is observed for higher fullerene loadings. improvement in overall performance (figure 6) resulting in a maximum of over 7% PCE (table 3) .
It is interesting to mention that application of the light bias did not yield any changes in the EQE-spectrum, indicating the absence of increased bimolecular recombination losses [62] .
Furthermore, figure 6 (b) displays the EL spectrum of the optimized device, peaking at about 950 nm, clearly corresponding to CT-state emission.
Thus the device performance of the optimized solar cells is indeed very comparable in all aspects to the best performance reported so far for PCDTBT-based solar cells [63] . Therefore it is especially interesting to compare the thermal stability of both materials in one common experiment.
Thermal stability
Finally, we investigated the stability of PBDTTBTZT-based polymer solar cells upon application of thermal stress.
As demonstrated recently by several working groups, the performance of the more established PCDTBT-based polymer Table 3 . The main solar cell parameters for optimized devices with an active area of about 1 cm 2 measured using 4 and 2-point measurement technique. Figure 6 . (a) IV-characteristics of the optimized solar cell device; (b) corresponding monochromatic and light bias based EQE spectra and electroluminescence spectra under 50 mA injection current. solar cells is degraded to a large extent upon annealing at elevated temperatures above 110°C [55] [56] [57] [58] . Recently, we have shown that thermal stress may lead to the formation of an unfavourable PCDTBT wetting layer, hampering charge extraction from the solar cell [58] , which has been confirmed by an independent study [59] . We chose the same layer stack as for the optimized device before and applied thermal annealing to the completed devices for 10 min at 80, 110, 140, 170 and 200°C. In fact, thermal stress did not show strong influence on the solar cell performance and became crucial only upon annealing above 160°C (compare with figure 7 ). Only a slight decrease of short circuit current (table 4) In order to understand the decrease of the solar cell performance under thermal treatment, the optical absorption ( figure 8(a) ) of the annealed blends revealed slight changes and a decrease of the absorption strength for the samples annealed at 170°C and 200°C. This effect might be assigned to the increased disorder and somewhat decreased crystallinity upon annealing at higher temperatures confirmed by XRD measurements (not shown here). Figure 8(b) shows the PL spectra of annealed films. A significant decrease of the PBDTTBTZT-PL signal was obtained for the film annealed at 200°C which can be correlated with increased disorder and possible morphological changes. Additionally, the obtained changes of the PL-spectra upon annealing at temperatures higher than 110°C might be assigned to the better intermixing within the polymer:fullerene blend. This is in good agreement with the earlier study of PCDTBT [58] where the PL spectra was changed for the samples annealed above 110°C.
Further investigation of the surface topography of PBDTTBTZT:PCBM blend films by AFM ( figure 9 ) revealed slight modifications of the morphology upon annealing. Thermal treatment at 80°C resulted in a somewhat increased degree of phase separation and leads to improved solar cell performance. However, with increased temperature the domain size decreased, which might indicate a cause to the overall losses in the FF and efficiency especially for devices annealed at 200°C.
Comparison with PCDTBT
The comparison of the photovoltaic parameters of PBDTTBTZT with a polymer of a similar band gap, PCDTBT, being one of the most stable polymer nowadays [37, 52, 54] , under thermal stressing is presented in figure 10 . It is clearly demonstrated that PBDTTBTZT:PC 70 BM exhibits superior thermal stability over PCDTBT. In order to allow a direct comparison with PCDTBTbased solar cells, the same layer stack as for PBDTTBTZT was chosen, resulting in overall good device performances above 5% for devices annealed for temperatures up to 110°C. The photovoltatic parameters of PCDTBT-based solar cells stressed at different annealing temperatures for 10 min are given in table 5.
Annealing of PCDTBT:PC 70 BM solar cells at temperatures above 110°C resulted in a sharp monotonic decrease of the performance, especially due to a strong decrease in FF. This observation is in accordance with earlier studies [54] [55] [56] [57] [58] [59] .
Clearly, PBDTTBTZT outperformed PCDTBT in all-photovoltaic parameters, especially for higher annealing temperatures, demonstrating improved thermal stability. The relative loss in photocurrent from the initial value for annealing at 80°C as compared to 200°C was 25% for PCDTBT, but only about 5% for PBDTTBTZT in the photocurrent. Similar losses were observed for the open circuit voltage: 20% for PCDTBT and only 5% for PBDTTBTZT, the FF-45% for PCDTBT and ∼15% for PBDTTBTZT-which resulted in an overall efficiency drop of ∼65% for PCDTBT and only ∼20% for PBDTTBTZT between the lowest and the highest annealing temperature. In summary, the performance of PBDTTBTZT-based solar cells improved up to 140°C and decayed above that temperature only slightly, whereas PCDTBT-based solar cells experienced a continuously strong decay of performance above 110°C.
In order to rationalize the remarkable thermal stability of the PBDTTBTZT-compared to the PCDTBT-based solar cells, DSC measurements were carried out for both polymers (figure 11). Due to the non-equilibrium character of polymer: fullerene blends, the glass transition temperature (T g ) of the polymer is a critical parameter for the thermal stability of polymer solar cells [63] [64] [65] . For PBDTTBTZT no signature of a glass transition was observed up to a temperature of 250°C. Given the absence of distinct Bragg-reflections in thin film grazing incidence measurements of the polymer and its fullerene blend under the thermal treatment investigated here (not shown), we conclude that the material is amorphous. Its T g might be at even higher temperatures. The high thermal stability of the solar cell devices based on PBDTTBTZT is consistent with this absence of a detectable T g . In contrast, a step in the heat capacity during cooling and heating indicates the glass transition of PCDTBT with a T g =118°C in good agreement with the literature [55, 56] . In the present study, the glass transition observed by DSC can explain the thermal instability of PCDTBT:PC 70 BM solar cells above 110°C. Again, grazing incidence x-ray scattering experiments showed no distinct Bragg-reflections in line with the DSC data. Figure 11 . DSC thermograms of (a) PBDTTBTZT and (b) PCDTBT during cooling (blue lower curve) and subsequent heating (red upper curve) with a rate of 20 K min −1 . Only in the case of PCDTBT a glass transition temperature, T g , is observable. The value of T g was determined from the heating scan as the half-step temperature in the transition region.
Conclusions
In summary, the photovoltaic performance and thermal stability of the polymer donor material PBDTTBTZT is presented in direct comparison with extraordinarily stable PCDTBT. While the bandgap and photovoltaic performance of PBDTTBTZT was comparable to the more established PCDTBT, resulting in efficiencies of over 7% and a maximum EQE exceeding 75%, its thermal stability in bulk heterojunctions clearly exceeds that of PCDTBT. The crucial temperature above which a reluctant performance decrease occurred was 140°C for devices based on PBDTTBTZT, whereas PCDTBT decreased unrestrained above 110°C. Though the strong decrease in performance of the PCDTBTbased devices could be directly related to the glass transition temperature of the polymer, no such transition was detected for PBDTTBTZT below 250°C. Hence, PBDTTBTZT appears to be a promising candidate for long-term stable polymer-based organic solar cells, providing a reasonably competitive performance. The future studies should be devoted to investigating device stability under operating conditions.
